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Photophysical parameters and lasing properties of Coumarin 540A dye molecules are studied in
solutions of increasing viscosity, from liquid solutions in 1,4-dioxane to solid solutions in
poly~methyl methacrylate!. The fluorescence quantum yield and lasing efficiencies decrease as the
viscosity of the solution increases, reflecting the strong influence of the rigidity of the medium on
the radiative processes. The photodegradation mechanisms acting on the fluorophores are analyzed
by following the dependence of laser induced fluorescence and laser output on the number of pump
laser pulses. The fluorescence redistribution after pattern photobleaching technique is used, and
Fick’s second law is applied to study the diffusion of dye molecules in the highly viscous polymer
solutions. The diffusion coefficients of the dye molecules as a function of the increased viscosity of
the medium are determined. © 1998 American Institute of Physics. @S0021-8979~98!01702-2#I. INTRODUCTION
Liquid solutions of laser dyes are versatile sources of
coherent tunable radiation with many applications in differ-
ent fields.1 Nevertheless, the need to use large volumes of
organic solvents has limited the use of these lasers in some
technical applications. As a result, it is not unexpected that in
recent years there has been a renewed interest in the use of
solid matrices containing laser dyes2–13 with the aim to de-
velop practical solid-state dye lasers. A solid host for lasing
dyes is an attractive alternative to liquid solutions, with ob-
vious advantages, both technical and economic, such as ease
of use, the absence of flammable and toxic solutions, and the
elimination of the problems caused by flow fluctuations and
solvent evaporation.
Although over the years a number of different materials
have been used as solid hosts for organic dyes, most of the
recent work has been done using either polymers or silica
gels as host media. Initially the sol-gel materials seemed to
show higher photostability than those based on organic
polymers.3,6 Nevertheless, recent results have demonstrated
stabilities in polymeric materials comparable with those ob-
tained with silica gels when used under the same
conditions.13 The polymeric materials exhibit a higher opti-
cal homogeneity than the silicate matrices available,5 which
is extremely important for narrow-linewidth oscillators.
Other advantages are a much improved compatibility with
organic dyes, and adaptability to inexpensive fabrication
techniques, which facilitate both miniaturization and the de-
sign of integrated optical systems. In addition, the virtually
limitless possibilities in structure and chemical composition
of polymers confers these materials enough variability to
continue to be of interest for many years.
The two main problems found in polymeric solid-state
dye lasers are the low laser-damage threshold of the material
and the photodegradation of the dye.10 Recently, we have
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problems.8–10,13–17 Our approach has been to try to improve
the laser-related properties of the dye-doped polymeric ma-
terials by using the vast possibilities in polymer synthesis to
modify characteristics of the materials in a controlled man-
ner, as well as to design new methods for the incorporation
of the active dye molecules in the polymeric matrix.
In a preliminary study, we proceeded to modify the ri-
gidity of the polymeric material by controlled cross linking
with a bifunctional monomer,14 and demonstrated that for a
certain degree of cross linking there were significant in-
creases in both lasing efficiency and photostability. The next
step was to investigate the effect of varying the viscoelastic
properties of the medium on laser performance. This can be
achieved by internal modification of the polymer by copoly-
merization with appropriate monomers. By this method ~in-
ternal plasticization!, we obtained important increases in
photostability8 with lasing efficiencies similar to those found
in liquid solution. At this point in the investigation, it was
apparent that the main cause of degradation of the dyes in-
corporated into polymeric matrices was the thermal destruc-
tion of the dye due to poor heat dissipation in the polymer
host. This being the case, any molecular modification facili-
tating the dissipation of the absorbed energy not converted
into emission should avoid premature degradation. Thus we
proceeded to covalently link the dye molecules to the poly-
meric chains, opening in this way additional channels for the
dissipation of energy along the polymer backbone.13,15,18 To
achieve this aim, it was first necessary to synthesize dye
molecules incorporating polymerizable double bonds in the
appropriate positions, which were then copolymerized with
methacrylic monomers. In these new materials, the photosta-
bility increased by a factor of more than two with respect to
our best previous results.18
Most of the work described above was done with dyes of
the rhodamine family, mainly with Rhodamine 6G ~Rh6G!,
emitting in the yellow and red regions of the spectrum. Ap-8/83(2)/650/11/$15.00 © 1998 American Institute of Physics
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plications in technologically important fields, such as optical
storage or underwater communications, would require the
development of efficient and photostable lasers also in the
blue and green spectral regions. There has been little work
done on blue-green emitting solid-state dye lasers. Some
early studies were reported in the late sixties and the begin-
ning of the seventies,19–23 but in all cases the laser perfor-
mance was very poor. Some improvements in lasing proper-
ties were reported by Itoh et al.,24 for thin films of
Coumarin-doped poly~methyl methacrylate! ~PMMA!
pumped with a N2 laser, and by Pacheco et al.,25 for
flashlamp-excited Coumarin-doped PMMA rods. In recent
years, some detailed studies have appeared on the lasing
properties of different dyes emitting in the blue and
green,12,26–31 but in all cases, the dyes were incorporated into
sol-gel materials. The only recent studies on polymer-doped
blue-green dye lasers have been those reported by our
group,15,32 using proton-transfer dyes dissolved in, or copo-
lymerized with, methacrylic monomers and pumped trans-
versely with pulses from a N2 laser. Although energy con-
version efficiencies of 11%, similar to those obtained in
liquid solution, were demonstrated with some of these mate-
rials, the laser output decreased by 90% after only one hun-
dred shots. In order to improve the laser photostability in this
important spectral region, we have recently initiated a sys-
tematic investigation on the lasing properties of polymeric
materials incorporating dyes of the Coumarin family and on
ways to improve their performance. First, the effects on the
laser operation of different polymerization methods, dye
concentration, and the composition of the polymeric matrix
were evaluated,17 and conditions were found for which laser
efficiencies of 11% and lifetimes of 2000 pulses at a 2 Hz
repetition rate were obtained.
Further improvements in photostability require a greater
understanding of the degradation mechanisms involved when
these fluorophores are embedded in polymeric matrices. To
this end, the present work investigates the fluorescence and
lasing properties of a number of Coumarin 540A ~C540A!
solutions with increasing viscosity from liquid solution in
1,4-dioxane to solid solution in PMMA, with solutions of
intermediate viscosity obtained by dissolving appropriate
amounts of PMMA in 1,4-dioxane. It is well known that for
free-rotor dyes the dependence of the fluorescence yield on
the viscosity of the solvent essentially reflects the strong in-
fluence of rigidity on the nonradiative decay parameters of
the molecule.33 As such, the effect of viscosity on other pho-
tophysical processes is not clearly reflected in fluorescence
measurements in these molecules. However, in the Coumarin
540 A molecule, the movement of the amine moiety is re-
stricted, which results in a rigid structure where the torsional
decay route is inhibited. Consequently, in this case, fluores-
cence measurements as a function of the medium’s viscosity
do provide information on the general photophysical behav-
ior of the dye molecules, reflecting the role played by the
dynamics of the microenvironment of the dye.
The evolution of the UV-visible absorption spectrum af-
ter irradiation and the decrease of the lasing and fluorescence
intensity as a function of the number of pump-laser pulses
were also studied. The dependence of the lasing parametersJ. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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recovery of the fluorescence intensity after irradiation was
investigated @in an application of the fluorescence redistribu-
tion after pattern photobleaching technique, ~FRAPP!#34 in
order to obtain information on the mobility of the dye mol-
ecules in the different samples, which can be interpreted in
terms of the diffusion coefficient.
II. EXPERIMENT
A. Laser system and laser induced fluorescence
measurements
Polymeric samples were cast in a cylindrical shape,
forming rods of 10 mm diam and 10 mm length. A cut was
made parallel to the axis of the cylinder in order to obtain a
lateral flat surface of ;6310 mm. This surface was pre-
pared for lasing experiments by conventional grinding and
polishing. The ends of the rods were polished by hand to
obtain reasonably flat surfaces. No attempt to produce laser
grade flat surfaces was made. Liquid solutions and samples
with different viscosities were contained in a 1-cm-optical
path length silica cell carefully sealed with a teflon plug to
avoid solvent evaporation during the experiments, thus en-
suring a constant sample concentration during the experi-
mental measurements.
A schematic diagram of the laser system is shown in Fig.
1. Laser emission was obtained by pumping the samples
transversely at 337 nm with pulses obtained from a commer-
cial excimer laser ~MPB-AQX 150! filled with the appropri-
ate N2 /He mixture to operate as a N2 laser providing 1.7 mJ,
;7 ns full-width at half-maximum ~FWHM! pulses, at rep-
etition rates up to 15 Hz. The pump light was focused with a
combination of spherical ( f 550 cm) and cylindrical ( f
515 cm) quartz lenses onto the laser cell or onto the lateral
flat surface of the solid sample to form a line of ;0.3
310 mm, such that the pump fluence was ;60 mJ/cm2. The
oscillator cavity consists of a flat aluminium mirror ~'90%
reflectivity! and the end face of the dye cell or of the cylin-
drical solid sample as the output coupler, with a cavity length
FIG. 1. Schematic of the laser system experimental setup. Pd: photodiode;
sL: spherical lens; cL: cylindrical lens; bs: beam splitter; m1,2: aluminium
flat mirrors; dc: dye cell/solid sample; ph: pinhole; M: monochromator;
PMT: photomultiplier.651Costela et al.
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of 2 cm. The samples were mounted on translation stages
which allowed precise vertical and horizontal alignment.
The dye and pump laser pulses were characterized with
the following instruments: Gen Tec ED-100A and ED-200
energy meters, an ITL TF 1850 fast risetime photodiode, a
Tektronix 7934 storage oscilloscope and a Tektronix 2430
digital oscilloscope, an Applied Photophysics M-300 mono-
chromator, and an EMI 9783B photomultiplier. A fast pho-
todiode ~EG&G SGD-100! was used to detect a calibrated
fraction of the pump radiation to monitor the stability of the
N2-laser emission during the experiments. In the photodeg-
radation studies, the dye and pump laser signals were
sampled with boxcars ~Stanford Research System, Model
250!. All the integrated signals were digitized and processed
using a PC computer via a Computerboard DASH-8
interface.9 The estimated error in the energy measurements
was 10%.
In order to assure that the volume element of the sample
probed in the laser induced fluorescence ~LIF! measurements
is identical to that irradiated under lasing conditions, the
fluorescence was excited with the same pulses from the N2
laser used for producing laser emission, but this time attenu-
ated by a number of glass windows placed in the optical path
so that the laser energy incident on the sample was consid-
erably lower than the pump threshold energy needed to pro-
duce laser emission from the dye molecules. The LIF emis-
sion was monitored perpendicular to the exciting beam,
imaged onto the input slit of the Applied Photophysics M-
300 monochromator with a 10-cm-focal length spectrosil B
spherical lens, and detected with the EMI 9783B
photomultiplier.
B. Materials
Coumarin 540A ~2,3,5,6-1H,4H-tetrahydro-8-trifluoro-
methylquinolizino-@9,9a,1-gh#coumarin! ~Lambda-Physik,
laser grade! was used as received. The purity of the dye was
found to be .99%, as determined by spectroscopic and
chromatographic methods. The dye concentration used was
231022 M in all experiments. 1,4-dioxane ~Merck; Uvasol!,
used as received, was selected as the solvent since both the
C540-A dye and the PMMA polymer demonstrated good
solubility, and this solvent is less volatile than other alterna-
tive solvents. Studies on the dependence of the lasing prop-
erties on sample viscosity were performed by varying the
volume/weight ~v/w! proportion of solvent/PMMA in the
solutions.
Liquid solutions of variable viscosity and constant dye
concentration were prepared by dissolving the dye and a de-
termined amount of PMMA in pure 1,4-dioxane by alterna-
tive stirring and sonication periods until clear and homoge-
neous solutions were obtained. The highest concentration of
polymer that could be completely dissolved in 1,4-dioxane
was 400 g/l . Several attempts were made to obtain solutions
with higher polymer concentration. Methods such as direct
solution of the polymer or selective evaporation of the sol-
vent from previously obtained more dilute solutions, either
by direct room temperature evaporation or by high vacuum
lyophilization, were attempted without success. All the solu-
tions with a polymer concentration greater than 400 g/l pre-652 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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by absorption and fluorescence spectroscopy.
PMMA was obtained by free-radical bulk polymeriza-
tion of pure MMA under the same experimental conditions
described below for solid samples preparation ~M¯ n
543 600; M¯ w577 750!.
The solid samples were prepared as follows. The dye
was dissolved in freshly purified MMA monomer and the
resulting mixture was placed in a water-filled ultrasonic bath
for periods of up to 10 min until the dye was completely
dissolved. Then, 3 g/l of 2,28-Azo-bis ~isobutyronitrile!
~AIBN!, used as a thermal free-radical initiator, was added
and allowed to dissolve in the ultrasonic bath for up to 5 min.
The resulting solution was filtered into appropriate cylindri-
cal polypropylene molds using a 0,2 mm pore size filter
~Whatman Lab. Div.!. After careful deaeration by purging
with dry argon, the molds were sealed. Polymerization was
performed in the dark at 35 °C over two days, followed by a
further two days at 40 °C, and then 50 °C for one week.
Under the experimental conditions employed in the prepara-
tion of the samples used in the present work, no residual
monomer was detected, neither by IR absorption spectros-
copy of sample films nor by gravimetric monitoring after
exhaustive treatment of the samples under high vacuum con-
ditions at 50 °C.
Absorption and fluorescence spectra of the solid samples
were obtained from thin strips cut from the same samples
used in the laser experiments. Because of the high optical
density of the dye solutions with different degrees of viscos-
ity, their absorption spectra were recorded by placing a small
amount of solution between two quartz plates in order to
reduce the optical path. The fluorescence spectra were ob-
tained at room temperature from air-saturated samples placed
in the same 1-cm-optical path silica cell used in the laser
experiments. Absorption spectra were recorded with a Shi-
madzu UV-265 FS spectrophotometer. Fluorescence spectra
were registered with a Perkin-Elmer LS-50B luminescence
spectrometer using a special front to face sample attachment.
Fluorescence quantum yields (f f) of C540A in solu-
tions with increased viscosity were estimated from the ratio
between the integrated areas under their fluorescence curves
and the area corresponding to a solution of C540A in ethyl
acetate (f f50.88), used as a standard.33 Care was taken to
record all curves under identical conditions.
Fluorescence lifetimes of C540A in the different solu-
tions, from liquid to solid, were obtained with a time-
correlated single-photon counting spectrometer35 built using
ORTEC583 and 473A discriminators and a 457 time-to-
amplitude converter. The samples were excited with a
thyratron-gated nanosecond flashlamp ~Edinburgh Instr.
EI199! filled with nitrogen. The fluorescence emission was
passed through a cut-off filter ~Schott KV-450! and detected
with a Phillips XP2020Q photomultiplier. The kinetic pa-
rameters ~lifetime and amplitude! of the fluorescence decay
were determined using a fitting routine based on the nonlin-
ear least-squares convolution technique.36Costela et al.
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Solvent/PMMA
~vol/weight!
Viscosityb
~mPa s!
Fluorescencee Laser emission
l f
~nm! f f
t f
~ns!
lLmax
~nm!
DlL
~nm!
Efff
~%!
10/0 1.18c 501.7 0.30 5.5 504 14 32
9.5/0.5 9.65c 502.8 0.22 6.2 507 14 27
9/1 38.60c,d 503.5 0.22 6.2 508 14 25
8/2 250d 503.5 0.22 6.8 508 10 22
7/3 4000d 511.8 0.21 7.2 510 10 17
6/4 108 000d 522.8 0.15 8.2 514 10 14
0/10 solid matrix 512.0 0.12 8.5 515 8 3
al f : fluorescence emission maximum; f f : fluorescence quantum yield; t f : fluorescence lifetime; lLmax : laser
emission maximum; DlL : FWHM of laser emission; Eff: energy conversion efficiency.
bAveraged values of at least five measurements.
cMeasured by capillary viscosimetry.
dMeasured by rotational viscosimetry; calibration with water, glycerine, and Brookfield standard fluids.
eExcitation at 337 nm.
fPump energy: 1.2 mJ/pulse.C. Measurements of the viscosity of the samples
Viscosities of solutions with PMMA concentrations
lower than 100 g/l were determined at 25 °C by capillary
automatic viscometry ~Schott Gera¨te, model AVS 350!. For
PMMA concentrations higher than 200 g/l , a rotational vis-
cometer was employed ~Brookfield model RVT, with a SSA
microadaptor!, using as a reference calibrated standard fluids
at 25 °C.37
III. RESULTS AND DISCUSSION
A number of C540A solutions with viscosities varying
from the liquid to the solid state, were prepared in the fol-
lowing v/w proportions ~solvent/PMMA!:10/0, 9.5/0.5, 9/1,
8/2, 7/3, 6/4, and 0/10. In all experiments, the dye concen-
tration was 231022 M. This concentration had been previ-
ously determined as that which induces the highest lasing
efficiency and photostability.17 Increasing or decreasing the
dye concentration is detrimental to the laser action. The mea-
sured viscosities of the dye solutions are given in Table I. As
explained in the experimental section, it was not possible to
prepare homogeneous samples for this application with vis-
cosities higher than 108 000 mPa s ~solution with a 6/4 v/w
solvent/PMMA ratio!.
A. Fluorescence and laser emissions
Broad-band laser emission with pulse durations of
'4 ns FWHM was obtained from all the samples studied.
The spectral profiles of the stimulated emission together with
corrected fluorescence spectra of the different samples are
shown in Fig. 2. The laser-emission spectra are much nar-
rower than those of the fluorescence, with bandwidths typical
of a laser with many modes running simultaneously, due to
the lack of wavelength-selection elements in the cavity. The
positions of the maxima of the fluorescence emission as well
as the dependence of the laser parameters ~peak of the laser
emission, oscillation bandwidth, and lasing efficiency! on the
viscosity of the samples are presented in Table I. It is ob-
served that both the laser emission and the fluorescence
maxima shift towards longer wavelengths when the propor-83, No. 2, 15 January 1998
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stood in terms of changes in the polarity of the medium,
which increases when the 1,4-dioxane (m50.3 D) is mixed
with PMMA (m51.6 D).38 It is well known that the position
of the maximum of the fluorescence spectrum is red shifted
with increasing solvent polarity.39 In addition, the lasing os-
cillation bandwidth seems to decrease when increasing the
viscosity of the dye sample. This effect has been previously
observed in studies on proton transfer dye lasers. For in-
stance, for solutions of 2-~58-fluoro-28-hydroxyphenyl!
FIG. 2. Normalized fluorescence ~solid line! and stimulated emission spec-
tra ~dotted line! of C540A solutions with different viscosity: ~a! solid matrix
~S! and 1.18 ~L!; ~b! 9.65; ~c! 38.60; ~d! 250; ~e! 4000; and ~f! 108 000
mPa s.653Costela et al.
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benzimidazole in 1,4-dioxane the laser emission bandwidth
was '20 nm,40 whereas the bandwidth decreased to
'12 nm when the dye was dissolved in PMMA.15
Also shown in Table I are the energy-conversion effi-
ciencies of the laser emission ~Eff!, defined as the ratio of the
energy of the dye laser output to the energy of the pump
laser incident on the sample surface. Taking into account the
dependence of the laser gain on the optical path length of the
active medium, the efficiency obtained with the 1-cm-optical
path solid sample agrees well with the data reported previ-
ously for a 2 cm sample of C540A dissolved in PMMA.17
When comparing the efficiency of the solid sample with that
of the samples contained in silica cells, it should be consid-
ered that in the solid sample the laser efficiency is affected
by the poor finish of the polished surface, which results in
less than optimum coupling between the sample end face and
the aluminium back reflector. It is plausible that improving
the finish of the samples would result in an increase in
efficiency.15 In the fourth column of Table I, the fluorescence
quantum yields of the different C540A solutions containing
PMMA are given. When analyzing these values, the high
concentration of C540A in the solutions should be taken into
account, since the evaluated quantum yields can be affected
by secondary processes involving the dye molecules. A close
correlation between the changes in Eff and f f when the vis-
cosity of the medium is increased can be observed.
The laser efficiency clearly decreases when the viscosity
of the medium increases ~Table I!. This dependence cannot
be ascribed to quenching processes induced either by PMMA
or some impurity associated to the polymer, since the fluo-
rescence lifetime t f increases with the rigidity of the medium
~Table I!. Since the viscosity is controlled by the concentra-
tion of PMMA in the solution, an increase results in both
restrictions in the mobility of the dye molecules and modifi-
cations in the polarity of the medium, which increases with
the amount of PMMA. To discriminate between these two
effects, two solutions with similar viscosity but different po-
larity were prepared: C540A in 1,4-dioxane and C540A in
ethyl acetate, with a dye concentration 231022 M. Ethyl
acetate was chosen as a solvent because it has a dipole mo-
ment (m51.83 D)38 close to that of PMMA. Under N2-laser
irradiation, the lasing efficiency was somewhat higher in the
more polar solvent: 35% in C540A/ethyl acetate as com-
pared with 32% in C540A/1,4-dioxane. Thus, the increase in
polarity can be ruled out as the cause for the observed de-
crease in lasing efficiency, and the main contribution to this
drop in efficiency with increasing viscosity of the sample
seems to be attributed to restrictions in dye mobility. In the
case of the solid samples, a possible additional effect caused
by triplet state population should be considered, since in
solid samples both the concentration and diffusion rate of
molecular oxygen are lower than in liquid solutions. In order
to investigate this possibility, a solution of C540A in 1,4-
dioxane was degassed by the freeze-thaw method pumping
down to pressures below 1024 Torr. It was found that the
lasing efficiency of the anaerobic solution is the same as that
of the same solution saturated with O2.
A further effect that could cause an apparent reduction in
the lasing efficiency with increasing viscosity of the solution654 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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the polymer concentration in the solution increases this ab-
sorption, resulting in less pump energy being available for
the dye molecules. In order to quantify this effect, the ab-
sorption at 337 nm of 1-mm-thick samples with different
proportions of 1,4-dioxane PMMA ~but with no C540A mol-
ecules present in the solution! was determined. The absor-
bance was found to vary from a value 0 for pure 1,4-dioxane
to a value 0.098 for the PMMA solid sample. Normalizing
the lasing efficiencies of the different solutions with C540A
by the differential absorption of PMMA as the solution vis-
cosity increases, the maximum increase in the values of the
efficiencies reported in Table I is around 2%.
When the logarithm of the laser efficiency is represented
as a function of the amount of PMMA in the solution, a
linear dependence is obtained ~Fig. 3!. As previously dis-
cussed, this relationship can not be explained on the basis of
a unique and direct argument. However, an understanding of
the effect of increasing the proportion of PMMA in the so-
lutions on the lasing efficiency could be reached by studying
how the photophysical parameters of the C540A molecule
are affected by the presence of PMMA. The reduction in the
fluorescence quantum yield of C540A as the proportion of
PMMA in the solution increases is accompanied by a length-
ening in the fluorescence lifetime ~Table I!. These effects are
typical of reabsorption and re-emission phenomena and place
an upper limit to the lasing capabilities of the system.41 The
effect caused by the presence of PMMA can be resolved in
terms of the influence on radiative (kr)and nonradiative (knr)
decay rate constants of C540A. Using the familiar
relationships:42
kr5
F f
t f
, knr5krS 1F f21 D ~1!
and the measured quantum yields and lifetimes ~Table I!, the
values of kr and knr obtained are shown in Table II. It is
apparent from these data that although the values of both
parameters, kr and knr , diminish as the amount of PMMA in
the solution increases, the strongest effect is manifested in
the radiative decay parameter kr , which experiences a four-
fold decrease over the range of solvent/PMMA proportions
studied.
FIG. 3. Logarithm of the laser energy conversion efficiency as a function of
the solvent/PMMA vol/weight proportion in the C540A solutions. The
straight line corresponds to the best fit of the data points.Costela et al.
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B. Dye laser photostability
The laser output intensity was studied as a function of
the number of pump pulses at a repetition rate of 10 Hz. It
was observed ~Fig. 4! that the intensity of the laser output
decreases with the number of pump pulses, the rate of this
decrease depending on the viscosity of the medium. Maxi-
mum stability was obtained with samples with viscosities of
up to 250 mPa s ~8/2 v/w solvent/PMMA proportion!, where
no evidence of degradation in the laser output is seen after
TABLE II. Rate constants for radiative (kr) and nonradiative (knr) decay of
the C540A molecule in the different solutions.
Solvent/PMMA
~vol/weight!
kr31027
(s21)
knr31028
(s21)
10/0 5.45 1.27
9.5/0.5 3.58 1.25
9/1 3.53 1.26
8/2 3.18 1.15
7/3 2.96 1.09
6/4 1.83 1.04
0/10 1.41 1.03
FIG. 4. Normalized laser output as a function of the number of pump pulses
for solutions of C540A with different viscosities. ~a! solutions with viscosi-
ties up to 250 mPa s ~8/2 v/w solvent/PMMA proportion!; ~b! solutions with
viscosities of 4000 and 108 000 mPa s ~7/3 and 6/4 v/w solvent/PMMA
proportions, respectively!; and ~c! solid sample. N2-pump-laser energy and
repetition rate: 1.2 mJ/pulse and 10 Hz, respectively. Dye concentration: 2
31022 M. For clarity, in Fig. 4~a! only one of every 100 pulses has been
plotted.J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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tion beyond this range leads to a drastic reduction in its
apparent stability as well as to an irregular behavior in the
laser output with strong oscillations that damp down as the
viscosity increases and disappear altogether in the solid
samples @Figs. 4~b! and 4~c!#. Special care was taken in the
methods of preparation of the samples so as to assure their
homogeneity, and rule out inhomogeneities in the active me-
dium as a cause for these oscillations. They could, however,
be related to gradients of temperature and dye concentration
produced under irradiation conditions in samples where the
free diffusion of molecules is partially restricted. The oscil-
lations in the laser output could then reflect the dynamics of
the replacement of bleached molecules for some nonirradi-
ated ones in the irradiated volume. Support for this interpre-
tation is provided in Fig. 5, where the laser output is plotted
as a function of the number of pulses at different repetition
rates for the 7/3 v/w solvent/PMMA C540A solution ~viscos-
ity 4000 mPa s!. At repetition rates below 2 Hz, there is
more time for the diffusion of dye molecules out and into the
irradiated region to reach a steady state, and the oscillations
disappear. The decrease in the diffusion rate of the dye mol-
ecules as the viscosity of the samples increases will be ana-
lyzed more thoroughly later on in this article. In the solid
sample, the oscillations in the laser output have disappeared
completely @Fig. 4~c!#, which is probably due to the total
confinement of the dye molecules into the glassy polymeric
matrix, which restricts their movement.
It is also seen in Fig. 5 that, as observed previously in
some solid-state dye lasers,8 the pump-laser repetition rate
affects the degradation rate of the laser output: the higher the
repetition rate the faster the degradation. In the present case,
the number of pulses needed for an 80% reduction in the
laser output in the 7/3 v/w solution decreases from '1700 to
'350 pump laser shots when the repetition rate is increased
from 1 to 10 Hz. After several hundred shots, the irradiated
region presents some damage in the form of bleaching of the
dye. This damage, which is irreversible in the solid samples,
is temporary in the liquid solutions: even in the case of so-
lutions with viscosity as high as 108 000 mPa s ~6/4 v/w
solvent/PMMA proportion!, the dark, nonemissive line in the
pumped region disappears completely after several days at
room temperature.
FIG. 5. Normalized laser output as a function of the number of pump pulses
for a C540A solution with a 7/3 v/w solvent/PMMA proportion ~viscosity:
4000 mPa s! at different pump pulse repetition rates.655Costela et al.
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In order to gain a better insight into the degradation
mechanisms involved when the fluorophores are embedded
in polymeric matrices, a number of photodegradation studies
were performed both in solid samples and in the C540A
solution with a solvent/PMMA proportion 6/4 v/w. This
composition was chosen because the viscosity of the solution
is high enough for the bleaching processes to be analogous to
those in solid samples, without completely restricting the dif-
fusion of the dye molecules.
First, the 6/4 v/w sample was irradiated with about
500 000 laser shots distributed over the whole volume of the
solution at a repetition rate of 10 Hz. It was observed that
during irradiation the dye undergoes photoreactions which
yield yellow colored products. In Fig. 6, the laser emission
spectrum before and after irradiation is plotted. The red shift
in the laser emission after irradiation is clearly seen, as well
as an important decrease, around 70%, in the lasing effi-
ciency. Additionally, the UV-visible absorption spectrum of
the irradiated sample reveals important changes with respect
to the nonirradiated solution: the absorption band of C540A
at 400 nm decreases dramatically whereas there is an in-
crease in the absorption in the 450–500 nm region. These
spectral data are consistent with previous studies on the con-
ventional photolysis of the C540A laser dye which identified
a pair of isomeric amides as the photo-oxidation products
generated during the irradiation.43 The above results reveal
that the photodegradation of the dye is an irreversible pro-
cess leading to the generation of products that absorb at the
lasing wavelength interfering with stimulated emission.
These results are in good agreement with the previously ob-
served degradation in Coumarin solid-state dye lasers,17
where, although the lower absorption observed in the irradi-
ated solid samples were an indication of photobleaching of
the dye molecules, no new features appeared in the spectrum,
reflecting the low concentration of the photofragments
generated.
Information about the amount of bleached molecules can
be obtained by monitoring the decrease in laser induced fluo-
rescence intensity as a function of the number of pump laser
pulses. The experiment was carried out as follows. First, the
fluorescence of the nonirradiated sample was measured.
Then the glass windows placed into the optical path of the
pump laser ~see experimental section! were removed and the
sample was irradiated with the total energy of the N2 laser
(1.2 mJ/pulse) at a repetition rate of 10 Hz. After a given
FIG. 6. Laser emission spectra of a C540A solution with a
6/4 volume/weight proportion of solvent/PMMA before ~d! and after ~j!
laser irradiation with 500 000 pump pulses of 337 nm at 10 Hz.656 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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and the fluorescence emitted by the irradiated sample was
measured. The sample is moved to a new position, to avoid
accumulative effects, and the operation is repeated with a
different number of pump laser shots. The repetition rate of
the pump laser was chosen so that the diffusion effects in the
time needed to perform each measurement can be neglected
for both solid sample and 6/4 v/w solvent/PMMA C540A
solutions, assuring that there is no renewal of dye molecules
in the irradiated volume during the experiment. The results
obtained are plotted in Fig. 7, where it is observed that the
degradation is more important in the solid solution than in
the less viscous one.
Since the fluorescence emission is a measure of the
population of the fluorescent level, a plot of the logarithm of
the laser output as a function of the fluorescence intensity
after irradiation with different numbers of pump-laser shots
should render a straight line. In Fig. 8, such a plot is pre-
sented for both the solid and the 6/4 v/w solvent/PMMA so-
lutions. In the experimental dependence, two components
FIG. 7. Normalized laser induced fluorescence emission as a function of the
number of pump pulses for solutions of C540A in ~d! 6/4 v/w solvent/
PMMA and ~m! solid matrix. N2-pump-laser energy and repetition rate: 1.2
mJ/pulse and 10 Hz, respectively. The solid lines are just to help the eyes.
FIG. 8. Logarithm of the laser output as a function of the normalized laser
induced fluorescence emission for solutions of C540A in ~a! 6/4 v/w
solvent/PMMA and ~b! solid matrix. Each point corresponds to measure-
ments taken after irradiation of a fresh region of the sample with a given
number of pump-laser shots ~indicated in parenthesis!. The solid lines rep-
resent the best linear fits to the experimental points.Costela et al.
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can be observed, indicating the presence of at least two pro-
cesses detrimental to the laser output. One of these processes
involves a photobleaching mechanism which leads to the
growing presence of decomposition products that absorb at
the laser emission wavelength and that somehow modify the
optical properties of the material along the path of the laser
beam. The second process could be related to a photothermal
mechanism due to large local rises in temperature capable of
inducing thermal decomposition of the fluorophores. This is
in good agreement with results obtained in our previous stud-
ies on different dye/polymer systems8,14–16 where evidence
was presented on the important contribution of photothermal
processes to the degradation of the samples. Opening addi-
tional channels for the dissipation of the absorbed energy
which is not converted into emission, by, for instance, co-
valently linking the dye molecules to the polymeric chain,
should result in an increase of the laser photostability.13
C. Dye diffusion in polymer solutions
In order to gain some insight on the capacity of recovery
of the system at high viscosities, an experiment was per-
formed where the 6/4 v/w solvent/PMMA C540A solution
was irradiated with 500 full-power pump-laser pulses at a 10
Hz repetition rate, assuring complete disappearance of the
dye laser emission. After waiting for one hour, the laser in-
duced fluorescence and laser emissions from the irradiated
volume were measured. The procedure was repeated a num-
ber of times maintaining the sample in the same position. In
this way, the evolution of the recovery of the fluorescence
and laser emissions after repeated irradiation of the same
volume in 1 h intervals could be followed. In Fig. 9, the
results of this experiment over 10 h are plotted, after which
the laser sample has been irradiated with a total of 5000
pump pulses distributed in 500 pulse bursts at hourly inter-
vals. The values of the laser output are an average over the
first 15 laser shots in each irradiation cycle. It is seen that
there is a partial recovery of both fluorescence and laser
emissions after the 1 h time intervals. If the logarithm of the
laser output at the beginning of each irradiation cycle is rep-
resented as a function of the corresponding fluorescence in-
tensity, a linear relationship is obtained, which indicates the
renewal of dye molecules in the irradiated volume by a dif-
fusion mechanism.
FIG. 9. Normalized laser output ~d! and laser induced fluorescence inten-
sity ~j! measured 1 h after repeated irradiation of a given volume of the
laser sample with 500 full-power pump-laser pulses at 10 Hz. The point at
zero time corresponds to emission from the initially nonirradiated sample.J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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in the different samples, which can be interpreted in terms of
the diffusion coefficients, can be obtained from a modifica-
tion of the above experiment. In this experimental approach,
the samples are irradiated with 10 000 full-power pump
pulses at a 10 Hz repetition rate, and the recovery of the
fluorescence from the irradiated volume is followed at regu-
lar time intervals. This is very similar to the FRAPP tech-
nique, where a short laser pulse is applied to a small volume
element into the sample.34 Because of the high intensity of
the pump light, the dye molecules within the irradiated vol-
ume are bleached and fluorescence from that area fades away
almost instantaneously. It recovers later as the bleached mol-
ecules are gradually replaced by nonbleached dye molecules
diffusing from nonirradiated areas into the bleached spot.
Then, the rate of recovery of the fluorescence gives informa-
tion about the mobility in the medium of the dye molecules.
The experiment was performed in the two most viscous
solutions ~7/3 and 6/4 v/w solvent/PMMA samples with vis-
cosities of 4000 and 108 000 mPa s, respectively!. These
were chosen because in these samples the degradation pro-
cesses are more clearly evident. The first experiment, de-
nominated the ‘‘long-time experiment,’’ was carried out over
a period of at least 8 h, and the fluorescence emission was
probed every hour. In the second one, denominated the
‘‘short-time experiment,’’ the fluorescence was analyzed ev-
ery 5 min over a period of 3 h. The results obtained are
plotted in Figs. 10 and 11, where the fluorescence emission
has been normalized to the initial value before irradiation.
These results can be used to deduce the diffusion coefficient
of the dye molecules in the sample by using a method based
FIG. 10. Laser induced fluorescence emission ~d! ~normalized to the initial
value before irradiation! for short-time experiments ~see the text! as a func-
tion of the elapsed time after irradiation with 10 000 full-power pump-laser
pulses at 10 Hz. ~a! solution with 7/3 v/w solvent/PMMA proportion ~vis-
cosity: 4000 mPa s!; ~b! solution with 6/4 v/m solvent/PMMA proportion
~viscosity:108 000 mPa s!. The solid lines are theoretical fits to the experi-
mental data by using Eq. ~3!.657Costela et al.
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on the direct relationship between fluorescence intensity and
concentration of dye molecules.44 Previous studies have
proven that Fick’s phenomenological law of diffusion is a
reliable macroscopic description of the processes involving
diffusion of molecules in polymeric materials.45 Thus, as-
suming that the irradiated volume has cylindrical symmetry,
the time dependence of the average concentration of dye
molecules (c) inside that region can be described, using
Fick’s second law:46
dc
dt 5D¹r
2c , ~2!
where D is the diffusion coefficient (cm2/s) and ¹r2 repre-
sents the radial part of the Laplacian operator in cylindrical
coordinates.
Equation ~2! with the appropriate boundary conditions
can be solved analytically. Assuming for the boundary con-
ditions that the nonirradiated volume is very large compared
with the dimensions of the irradiated cylinder, the solution of
Eq. ~2! is:47
c~ t !512 f ~t!@12c~0 !# , ~3!
where
f ~t!5 1
t E0
1
xe2x
2/4tE
0
1
ye2y
2/4tI0S xy2t D dydx ~4!
with t5tD/a2, a5radius of the irradiated cylinder, and I0
5modified Bessel’s function of zero order.
The diffusion coefficient D can be obtained by fitting
Eq. ~3! to the experimentally obtained plot of fluorescence
recovery. The solid lines in Figs. 10 and 11 are the theoret-
ical fits of Eq. ~3! to our experimental data with the values of
FIG. 11. Laser induced fluorescence emission ~d! ~normalized to the initial
value before irradiation! for long-time experiments ~see the text! as a func-
tion of the elapsed time after irradiation with 10 000 full-power pump-laser
pulses at 10 Hz. ~a! solution with 7/3 v/w solvent/PMMA proportion ~vis-
cosity: 4000 mPa s!; ~b! solution with 6/4 v/w solvent/PMMA proportion
~viscosity: 108 000 mPa s!. The solid lines are theoretical fits to the experi-
mental data by using Eq. ~3!.658 J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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coefficients predicted by the long- and short-time experi-
ments are in reasonably good agreement.
According to the diffusion theory in liquid solutions, the
diffusion coefficient is given by the equation:48
D5
kT
6pha , ~5!
where k is the Boltzmann’s constant, T is the absolute tem-
perature, and a is the radius of the particle diffusing in the
solvent of viscosity h. Although the special nature of poly-
meric solutions requires further consideration, Eq. ~5! could
be used to obtain a rough estimate of the diffusion coeffi-
cients in our solutions. Taking a value of 3.9 Å as radius of
the C540A molecule, derived from its Van der Waals
volume,49 the values of D listed in the fifth column of Table
III are obtained at room temperature. It is seen that they are
of the same order of magnitude as those derived from fitting
the experimental fluorescence recovery data, which indicates
that it is possible to use the diffusion theory in liquids to
obtain reasonable estimates of the diffusion coefficients in
polymer viscous solutions.
Equation ~5! predicts a drastic reduction in the diffusion
coefficients of the C540A molecules as the viscosity of the
solution increases, with values of D ranging from 4.8
31026 cm2/s for the 1,4-dioxane solution to 5.2
310211 cm2/s for the 6/4 v/w solvent/PMMA sample. It is
generally accepted that, for translational motion of a solute
to occur, a space of sufficient size must exist into which the
solute molecule can move. Thus, as the polymer proportion
increases in the solution, the large C540A molecules, with
size comparable to that of the polymer repetition unit, re-
quire a cooperative movement of several polymer segments
in order to create a large enough space for diffusion to occur,
and their diffusion rates are therefore coupled to the polymer
relaxation processes which are extremely slow in the glassy
state.50 An increase of the solution viscosity leads to a de-
crease of the free-volume and, consequently, to a sharp de-
crease in the calculated diffusion coefficients.
As shown in Fig. 12, there is a linear relationship be-
tween the radiative decay constants of C540A and the diffu-
sion coefficients calculated from Eq. ~5!. This result could be
understood in terms of the reduction of free-volume associ-
ated to the increase in the polymer concentration, and hence
of the viscosity of the medium, which could enhance solute-
TABLE III. Diffusion coefficients of C540A molecules in two different
solutions.
Da
(cm2/s)
Db
(cm2/s)
Solvent/PMMA Viscosity
~vol/weight! ~mPA s! long time short time
7/3 4000 7.53 1029 5.0 3 1029 1.4 3 1029
6/4 108 000 1.5310211 4.6 3 10211 5.2 3 10211
aValues obtained from the best fit of Eq. ~3! to the experimental fluorescence
recovery data.
bEstimated from diffusion theory in liquids, Eq. ~5!.Costela et al.
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solvent molecular interactions which reduce the radiative ef-
ficiency. Although this analysis of dye transport as being
solely controlled by free-volume is, to a certain extent, a
simplification, it could explain why the decrease of both ra-
diative decay rates and lasing efficiencies is strongly linked
to the mobility as reflected in the diffusion coefficients.
IV. CONCLUSIONS
In the present work, the fluorescence and laser properties
of C540A solutions with increasing viscosity, from liquid
solution in 1,4-dioxane to solid solution in PMMA, have
been investigated. The maxima of both fluorescence and la-
ser emissions are sensitive to the polarity of the media. The
fluorescence quantum yield and lasing efficiencies are highly
dependent on free-volume of the medium, decreasing as the
viscosity of the solution increases. This behavior could be
reflecting the strong influence of the rigidity of the medium
on the radiative processes, while the nonradiative decay
seems to be almost independent of the solution viscosity,
probably due to the rigid structure of the Coumarin molecule
that inhibits the torsional decay route.
The laser photostability appears to be a function of the
elasticity of the medium surrounding the dye molecules. In-
creasing the viscosity of the solution beyond 250 mPa s leads
to a drastic reduction in apparent stability as well as to an
irregular behavior in the laser output. The strong oscillations
apparent in the laser intensity of the 4000 and 108 000 mPa s
solutions as a function of the number of pump pulses could
be related to gradients of temperature and dye concentration
produced under the irradiation conditions in samples where
the free diffusion of molecules is partially restricted. Conse-
quently, this behavior could be reflecting the dynamics of the
replacement of bleached molecules for some nonirradiated
ones in the irradiated volume.
The study of the dependence of fluorescence intensity
and laser output on the number of pump laser pulses pro-
vides an insight into the photodegradation mechanisms act-
ing on the fluorophores. The main photodegradation mecha-
nisms of the dye at work have been identified to be
photothermal and photobleaching processes, that result in the
irreversible and growing presence of decomposition products
which absorb at the laser emission wavelength.
FIG. 12. Radiative decay constants of C540A as a function of the diffusion
coefficients predicted by Eq. ~5! for solutions of C540A with different vis-
cosities. The volume/weight solvent/PMMA proportion corresponding to
each point is indicated in parenthesis. The solid line represents the best
linear fit to the experimental points.J. Appl. Phys., Vol. 83, No. 2, 15 January 1998
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tobleaching ~FRAPP! technique has been used to study the
diffusion of dye molecules in the two liquid solutions with
the highest viscosities. The diffusion coefficients derived by
applying Fick’s second law to the experimental fluorescence
recovery data corresponding to the 6/4 and 7/3 v/w solvent/
PMMA solutions are in good agreement with those deter-
mined from the diffusion theory in liquids, revealing the ca-
pability of this simple theory to describe the diffusion
dynamics in highly viscous polymer solutions.
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